We construct a supersymmetric S 4 flavor symmetry model with one of the trimaximal neutrino mixing patterns, the so-called TM 1 , by using the novel way to stabilize flavons, which we proposed recently. The flavons are assumed to have tachyonic supersymmetry breaking mass terms and stabilized by higher-dimensional terms in the potential. We can obtain the desired alignment structure of the flavon vacuum expectation values to realize neutrino masses and mixings consistent with the current observations. This mechanism naturally avoids the appearance of dangerous cosmological domain walls. Although we study an S 4 model in this paper, our mechanism is universal and can be applied to many flavor models based on discrete flavor symmetry.
Introduction
Discrete flavor symmetry is often introduced in order to naturally explain the observed patterns of neutrino masses and mixings [1, 2] . The discovery of the non-zero reactor mixing angle θ 13 [3, 4] had a great impact on the model building of the flavor symmetry and there are several ways to construct models consistent with observational data [5] [6] [7] [8] .
One of the drawbacks of such models is that the spontaneous breakdown of the discrete flavor symmetry may lead to the formation of domain walls in the early universe, which is problematic in cosmology. Some of the discrete symmetry may be anomalous under the gauge interaction [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] and thus softly broken by quantum effects, but it turns out that it does not resolve the domain wall problem [19] . See also Refs. [20, 21] for related works.
Recently we proposed a novel and simple way to avoid the domain wall problem in models with discrete flavor symmetry [22] . The idea is that the flavons, which are Higgs fields responsible for the spontaneous breaking of flavor symmetry, are stabilized by higher dimensional potential balanced by tachyonic supersymmetry (SUSY) breaking mass terms. Then the flavor symmetry is already broken during inflation due to the negative Hubble-induced mass terms and never restored thereafter.
#1 Thus domain walls are inflated away and do not exist in the whole patch of the observable universe. Moreover, this novel flavon stabilization mechanism significantly simplifies the field content of the flavon sector. We do not need to introduce driving fields [24] or any other additional field to obtain the flavon vacuum expectation values (VEVs) with desired alignment structure. #2 An explicit construction based on the A 4 flavor symmetry was made in Ref. [22] .
In this paper, we apply the general argument of Ref. [22] to the case of S 4 flavor symmetry. Models based on the S 4 flavor symmetry can lead to the so-called trimaximal neutrino mixings [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . In particular, certain structure of the flavon VEVs may lead to one of the trimaximal patterns, the so-called TM 1 , which is consistent with current observations [8, 38] . We will explicitly show that the flavon VEV alignment that leads to the TM 1 is realized along the line of Ref. [22] and the resulting neutrino masses and mixings are consistent with the recent observational data [40, 41] . This mixing pattern TM 1 will be tested in the near future by the more precise measurement of neutrino mixing angles.
In Sec. 2, we briefly overview our setup of the S 4 flavor model. In Sec. 3, we see that particular flavon VEV alignments lead to the so-called TM 1 pattern of the neutrino mixings and it is consistent with current observations. A novel way to obtain such a flavon VEV alignment is explained in detail in Sec. 4 and we give a concrete example in Sec. 5. We conclude in Sec. 6.
#1
In order for the flavon not to overshoot the origin of the scalar potential dynamically, it is essential to stabilize with higher dimensional potential terms [22, 23] .
#2 See Refs. [25] [26] [27] for stabilization of flavons in non-SUSY case.
Brief description of S 4 flavor model
The superpotential consists of the charged lepton sector W , neutrino sector W ν and flavon sector W f :
We focus on W and W ν in this section. The flavon part W f will be discussed in detail in Sec. 4 and Sec. 5 where we explain how the desired flavon VEV alignments are obtained.
The superpotential of the charged lepton sector is assumed to be
where is the lepton doublet, e c , µ c , and τ c are respectively the right-handed electron, muon, and tau superfields, H d is the down-type Higgs doublet, φ is the flavon field in the charged lepton sector, Λ denotes the cutoff scale and y e , y µ and y τ are coupling constants. Charge assignments under the S 4 flavor symmetry are summarized in Table 1 . See App. A for our convention and notation of the S 4 group representations and S 4 products. There are three possible contractions in the third term of (2), but all of them lead to the same structure of the mass matrix in the argument below. After taking the VEV of
we obtain the diagonal charged lepton mass matrix as
with v d being the VEV of the down-type Higgs. Note that y e in this expression is some linear combination of y e s defined for each contraction of the third term in (2) . One can take charged lepton masses real and positive without loss of generality. The mass hierarchy of the charged leptons may be explained for v /Λ ∼ O(0.1). Since the charged lepton mass matrix is already diagonal, we only have to consider the structure of the neutrino mass matrix when discussing the lepton mixings in the weak interaction. The superpotential of the neutrino sector is written as
where H u denotes the up-type Higgs doublet. Here we have an S 4 -singlet φ 1 , an S 4 -doublet φ 2 , and two S 4 -triplets φ 3 and ψ 3 . Note that the coupling of φ to the neutrino sector is forbidden by the Z 6 symmetry whose charge assignments are given in Table 1 . These flavons are assumed to develop VEVs of the form Then the neutrino mass matrix is given by
where
Here v u is the VEV of the up-type Higgs. For v ψ = 0, it becomes the neutrino mass matrix that is diagonalized by the tri-bimaximal mixing matrix [42, 43] 
and the neutrino mass eigenvalues are given by
The tri-bimaximal mixing, however, is already ruled out by experiments after the observation of non-zero θ 13 . In addition, the recent observation favors non-zero Dirac CP phase δ.
#3
The non-zero v ψ breaks the tri-bimaximal symmetry but still there remains a Z 2 symmetry generated by the combination SU of the S 4 group elements. It leads to the trimaximal mixing (especially, the so-called TM 1 ), which can fit the experimental results well [8] . It is convenient to divide the full mixing matrix U ν into the tri-bimaximal part and the additional 2-3 rotation part:
#3 Neutrino mass eigenvalues obtained here are complex in general. One of them, m ν1 , for example, can be made real by the common phase rotation of (ν 1 , ν 2 , ν 3 ), which is accompanied by the opposite common phase rotation of (e, µ, τ ) to keep the mixing matrix intact. Thus there remain two physical Majorana phases. We always take such a basis in the following.
where u 23 is a 2 × 2 unitary matrix. Then we find
By choosing the unitary matrix u 23 appropriately, this can be diagonalized and we will obtain the full mixing matrix U ν from which we can deduce the various neutrino mixing angles and CP phases. A concrete procedure will be discussed in the next section.
Assuming that all w 1 , w 2 , w 3 and w ψ are the same order of magnitude and denoting their typical values by w, we obtain the neutrino mass scale as
where tan β ≡ v u /v d . The typical value of the flavon VEV w crucially depends on the stabilization mechanism. In our model presented in Sec. 5, it is given by w ∼ (m soft Λ 3 )
where m soft is the soft SUSY breaking mass. Then we can reproduce the observed neutrino mass differences with some amount of tuning of w 1 , w 2 , w 3 and w ψ .
Neutrino mixing in TM 1
Let us describe how to diagonalize (11) by choosing u 23 . A general 2 × 2 unitary matrix may be parameterized as
where θ, η, α and β are real parameters. As shown in App. B, we obtain the diagonal neutrino mass matrix by taking
where B = w 1 + 2w 2 , C = √ 6w ψ and D = −w 1 + w 2 + 3w 3 , all of which may be complex in general. The parameters α and β can be fixed if one wants to make the neutrino mass eigenvalues real so that the Majorana phases appear in the mixing matrix, although Majorana phases are irrelevant in the following discussion. Using those θ and η, we get the full mixing matrix as
On the other hand, the mixing matrix (MNS matrix) is usually parametrized as [44] 
where c ij = cos θ ij , s ij = sin θ ij , δ is the Dirac CP phase, and α 21 and α 31 are Majorana CP phases. Here we take the basis in which the neutrino mass matrix is real and diagonal. The mixing matrix U ν can be reduced to the form of U MNS (16) by using the freedom to rotate the phase of charged leptons and neutrinos. Even without performing such a concrete phase rotation, one can conveniently deduce the mixing parameters and the Dirac CP phase by using the rotation invariant quantity as = 33.82
• and θ (obs) 13 = 8.61
• [40] , we obtain cos δ 0.33. #4 Note that there are no more non-trivial sum rules in the present model. We have 4 complex model parameters w 1 , w 2 , w 3 and w ψ to construct neutrino mass matrix, but an overall phase is irrelevant and hence we have 7 real parameters (2 of which are parameterized by θ and η). The number of the physical observables is 9, consisting of three neutrino mass eigenvalues, three mixing angles, one Dirac CP phase, and two Majorana CP phases. Thus there should be two non-trivial sum rules in the physical observables. #4 If one assumes that the deviation from the tri-bimaximal form is small, one may regard θ 13 as a small parameter and expand as θ 23 = π/4 + ∆θ 23 . Note that the deviation of θ 12 from its tri-bimaximal value (c 12 = 2/3) is second order in terms of θ 13 because of the constraint (19) . Then we have ∆θ 23 √ 2θ 13 cos δ. Observationally preferred region of sin 2 θ 13 and sin 2 θ 12 within 1σ, 2σ and 3σ ranges [40, 41] . A line indicates the sum rule (19) , a prediction of TM 1 . (Bottom) Observationally preferred region of sin 2 θ 23 and δ within 1σ, 2σ and 3σ ranges [40, 41] . Three lines indicate the predictions of TM 1 for typical values of θ which reproduce the observed values of θ 12 and θ 13 . Fig. 1 shows observationally preferred region of sin 2 θ 13 and sin 2 θ 12 (top), and sin 2 θ 23 and δ (bottom) within 1σ, 2σ and 3σ ranges [40, 41] . A line in the top panel indicates the sum rule (19) , a prediction of TM 1 . This is solely determined by the model parameter θ and independent of η. It is seen that the line crosses observationally preferred region and hence θ is constrained to some narrow range. Once we fix θ, we can draw a line on the plane of sin 2 θ 23 and δ by changing η. Three lines in the bottom panel indicate the predictions of TM 1 for typical values of θ which reproduce the observed values of θ 12 and θ 13 . We can see that the TM 1 prediction is consistent with current experimental results. If future observations determine δ and θ 23 more precisely, the TM 1 can be tested more crucially.
Novel flavon stabilization: general argument
Let us adopt the idea of Ref. [22] to obtain the desired alignment structure of the flavon VEVs in the S 4 flavor model introduced in the previous sections. In this section, we describe some general arguments about our method for the flavon stabilization, while we will give a concrete example of the superpotential for the flavon sector in the next section.
The basic idea is that the flavon fields are stabilized by the balance between the negative soft SUSY breaking mass and non-renormalizable terms in the potential. The latter comes from non-renormalizable superpotentials. In our setup, as shown in Table 1 , flavons have U(1) R charge of 1/3 and hence only terms with the sixth power of flavons are allowed in the superpotential. Schematically, we have
where the flavon fields are collectively denoted as φ. This is a shorthand notation and there are actually many ways of contractions of S 4 -charged flavons. Together with the SUSY breaking mass term, the scalar potential has the form as
and the flavon fields obtain VEVs of |φ| ∼ (mΛ 3 ) 1/4 . What is non-trivial is whether or not we can obtain the alignment structure given in (3) and (6). Here we show that the configuration (3) and (6) is always an extremum of the scalar potential independent of the detailed form of the superpotential under some assumptions.
First let us consider φ . Due to the Z 6 symmetry, it is not mixed with other flavons in the superpotential. Therefore, in terms of components φ = (φ ,1 , φ ,2 , φ ,3 )
T , the superpotential may be generically written as
where dots represent terms with higher powers of φ ,1 or φ ,3 and we omitted O(1) numerical coefficients for simplicity. First, by substituting φ = (0, φ ,2 , 0) T one can minimize the potential along the φ ,2 direction to find VEV |φ ,2 | = v . A necessary and sufficient condition for this configuration to be an extremum of the potential is that there are no linear terms with respect to φ ,1 and φ ,3 in the superpotential when expanded around the configuration. #5 Actually, we can show that such terms are forbidden by symmetry. In our setup, the flavon superpotential must be invariant under S 4 symmetry and also Z 6 symmetry under which the flavon is rotated like φ → Ωφ with Ω ≡ e 2πi/6 . Then, for example, the superpotential must be invariant under the transformation
where T is an element of three dimensional representation of S 4 given in (93). Under this transformation, φ ,2 is invariant but φ ,1 and φ ,3 are not. Therefore, we cannot have terms linear in φ ,1 and φ ,3 in the superpotential and the configuration (3) is indeed an extremum of the potential. Note that the combination Ω 2 T used here is the generator of the remaining Z 3 ⊂ S 4 × Z 6 symmetry that is retained in W f, even after φ takes the non-zero VEV of (3) . In order to show that it is a minimum of the potential, one must check terms quadratic in φ ,1 and φ ,3 , which depends on the detailed forms of the superpotential. In the next section, we will give a concrete example in which the configuration (3) is actually a minimum of the potential.
Next, flavons φ 1 , φ 2 , φ 3 and ψ 3 must have the same quantum numbers (except for the S 4 charge) due to the coupling (5) and hence they are in general mixed with each other in the flavon superpotential. What is dangerous is the mixing between φ 3 and ψ 3 that would spoil the vacuum alignment (6) . In order to forbid dangerous mixings between φ 3 and ψ 3 , we want to assign different charges on them under some symmetry. For this purpose, one can modify the superpotential of the neutrino sector (5) as follows [38] :
where we introduced additional S 4 singlet flavons ξ 1 and ξ 1 and imposed additional Z and Z ξξ 12 symmetry as presented in Table 2 . Note that U(1) R charge assignments are modified from those of Table 1 . These additional flavons are assumed to have VEVs of ξ 1 = v ξ and ξ 1 = v ξ . The structure of neutrino masses and mixings described in Sec. 2 and 3 are unchanged after reinterpreting w 1 = c 1 v ξ v 1 /Λ, and so on. The additional Z symmetry, combined with U(1) R symmetry, restrict the form of the flavon superpotential to be
It is easy to see that φ 1 , ξ 1 and ξ 1 are stabilized by using terms like φ 6 /Λ 3 , where φ collectively denotes a S 4 singlet flavon field. Thus we only need to focus on φ 2 , φ 3 and ψ 3 below.
#5 Here "linear terms with respect to φ ,i " means terms of the form of v 5 φ ,i /Λ 3 , where v collectively represents the non-zero VEV of various flavons. We will use the same terminology in the following discussion. For ψ 3 , it is convenient to work with the basis in which ψ 3 = V ψ ψ 3 , where
In this basis, the alignment structure (6) becomes ψ 3 = √ 2v ψ (0, 1, 0) T . By noting that ψ 3 transforms as ψ 3 → V ψ XV −1 ψ ψ 3 under any S 4 group element X, one finds that ψ 3 ,2 is invariant but ψ 3 ,1 and ψ 3 ,3 are not under the transformation
Here Ω 3 should be regarded as an element of Z ξ 6 rotation. Thus we cannot have terms linear in ψ 3 ,1 and ψ 3 ,3 and hence the ψ 3 configuration in (6) is always an extremum of the potential. In this case, Ω 3 S and Ω 3 U are the generators of the Z 2 × Z 2 ⊂ S 4 × Z ξ 6 subgroup that is unbroken in W f,ψ when the VEV of ψ 3 in (6) is taken into account. In addition, since ξ 1 also acquires the non-zero VEV, the symmetry in the neutrino sector is further broken to the Z 2 subgroup generated by (Ω 3 S)(Ω 3 U ) = SU , which is responsible for the TM 1 mixing patterns.
Similar arguments hold for the other flavons, φ 2 and φ 3 . In general, they are mixed in the superpotential W f,φ (φ 1 , φ 2 , φ 3 ). Let us go to the basis in which φ 2 = V 2 φ 2 and φ 3 = V φ φ 3 where
In this basis, the alignment structure (6) becomes
Let us note that
and
Therefore, from the invariance of the superpotential under the SU transformation, terms linear in φ 2,2 are forbidden. Likewise, from the invariance under the S transformation, we cannot have terms linear in φ 3 ,1 and φ 3 ,3 . Therefore, for general superpotential W f,φ (φ 1 , φ 2 , φ 3 ), we show that the configuration given in (6) is always an extremum of the potential. Again note that S and U are the generators of the remaining
symmetry of W f,φ + W f,ξ (which of course contains SU ) when φ 1 , φ 2 , φ 3 and ξ obtain non-zero VEVs. In order to show that it is in fact a minimum of the potential, one must check the curvature around it. It depends on the detailed form of the superpotential. We will give a concrete example in which the configuration (3) and (6) is actually a minimum of the potential.
Novel flavon stabilization: concrete example
We have shown that the flavon configuration given by (3) and (6) is always an extremum of the potential by just using general symmetry argument in the previous section. Now we want to show that this configuration can actually be a minimum of the potential. As a concrete example, let us consider a simple non-renormalizable superpotential of the flavon sector given as
where the block parenthesis for φ 3 is recursively defined as
and the same applies to ψ 3 . The above definition uniquely specifies the way of contraction in each term. Some comments are in order. First, we assume that the superpotential of each flavon is separated as
Although the configuration (6) remains an extremum even if we allow to include mixings, as shown in the previous section, we focus on the case without such mixings for simplicity. Second, many other ways of contraction of the flavon with the same power are also allowed, but it may be natural that some of these possible terms have relatively large numerical coefficients. The superpotential presented in (35)- (39) should be regarded as one of the examples. Our purpose here is to give an existence proof of consistent parameter regions where flavons are correctly stabilized.
In order to stabilize flavon fields with non-zero VEVs, we add negative SUSY breaking masses for flavon fields
Then, the full flavon scalar potential is given by
where V A is the so-called A-term potential induced by the supergravity effects
where |A| ∼ m 3/2 with m 3/2 being the gravitino mass. Now we will check that this model possesses a desired set of vacuum expectation values given in (3) and (6) depending on the choice of parameters h i (i = 1, 2) and g i (i = 0, ..., 6). For simplicity, we take all coupling constants h i and g i real. We will discuss below the stabilization of φ 1 , φ , φ 2 , φ 3 and ψ 3 in order.
Potential of φ 1
First, we consider the stabilization of φ 1 . For the moment, we neglect the contribution from V A , which is justified if m 3/2 m 1 . We find a minimum of the potential at
Expanding φ 1 around the VEV as
we find that φ R 1 has a mass of 2 √ 2m 1 . On the other hand, φ I 1 is massless as far as the A-term contribution is neglected. This is expected since the scalar potential has a global U(1) symmetry and there should be a Nambu-Goldstone mode when we neglect the A-term. After including the A-term, φ 
Potential of φ
Here, we consider the stabilization of φ . As shown in Sec. 4, we can always find an extremum of the form of (3) with
Actually, the phase of v is fixed after the A-term is taken into account, as we shall see below.
If all the mass eigenvalues of the flavon fluctuations around this extremum are positive, this extremum is, in fact, a (local) minimum. In order to see this, we expand the flavon fields as
Then we find out that the mass matrix becomes block diagonal, where the mass for the real and imaginary parts of φ are separated with each other. As for the real part of the flavon fields, it can be seen that φ R ,2 is a mass eigenstate with mass 2 √ 2m , while the other two modes possess a mass matrix of the form of (102) with
Then, the required condition for both of the two mass eigenvalues to be positive is
Next, let us turn to the imaginary part of the flavon fields φ I ,i (i = 1, 3). They possess the mass matrix that is the same as that of the real part but the sign of C is flipped. As a result, the same condition (51) ensures the stability of the corresponding mass eigenstates. On the other hand, φ I ,2 becomes massless at this approximation but V A gives the leading contribution to its mass. If we write the VEV of the flavon as φ ,2 = v e iϕ , the potential is minimized at ϕ = 2nπ/3 (n = 0, 1, 2) for A > 0 (A < 0) when h 1 < 0 (h 1 > 0). In Eq. (47) we just chose n = 0 solution. A similar argument should be understood in the following analysis of φ 2 , φ 3 and ψ 3 . In the upper left part of Fig. 2 , we show the allowed region in the h 1 vs. h 2 plane as a blue region.
Potential of φ 2
Now, we consider the φ 2 sector of the potential. There exists an extremum of the form of (6), irrespective of the choice of parameters, with
Expanding the flavon fields as
we find the mass matrix being block diagonal when we neglect the contribution from V A . The mass matrix for the real part is given by (102) with
and the condition for both mass eigenvalues to be positive is given by
On the other hand, the mass matrix for the imaginary part is also given by (102) but with As mentioned in Appendix B, this mass matrix possesses a massless mode and the condition for another mass eigenstate to have positive mass squared is
As for the massless mode, the potential V A neglected so far gives it a non-zero mass-squared, whose sign becomes positive if A > 0 (A < 0) when 2g 1 + g 2 < 0 (2g 1 + g 2 > 0). In the upper right part of Fig. 2 , we show the allowed region in the g 1 vs. g 2 plane.
Potential of φ 3
Let us move on to the φ 3 sector of the potential. We can find an extremum at the position of (6), with v 3 given by
Expanding the flavon fields around the extremum as
we obtain a block diagonal mass matrix for flavon fields when we neglect the small contribution from V A . The mass matrix for the real part of φ 3 takes the form of (104) with
We find that, if the coupling parameters satisfy the conditions
all the eigenvalues become positive. For the imaginary part of φ 3 , the same conditions ensure the stability of all the eigenstates but one that becomes massless. Again, the dominant contribution to its mass comes from V A , whose sign becomes positive if A > 0 (A < 0) when g 3 < 0 (g 3 > 0). In the lower left part of Fig. 2 , we show the allowed region in the g 3 vs. g 4 plane.
Potential of ψ 3
The form of the potential of ψ 3 is exactly the same as that of φ 3 . However, as we will see below, it is possible for the potential to possess a required form of the vacuum depending on the choice of the coupling parameters. As in the other sectors, we can find an extremum of the form of (6) irrespective of the coupling parameters, with v ψ expressed as
We expand the flavon fields around the extremum as
and calculate the mass matrix of the real and imaginary parts of ψ 3 . For the real part, we obtain a matrix of the form of (104) with
all of whose eigenvalues become positive if
Similarly, the mass matrix for the imaginary part is given by
and the conditions for all the eigenvalues to be positive are
together with the condition for the stabilization of one of the eigenstates by V A : A > 0 (A < 0) when g 5 + 9g 6 > 0 (g 5 + 9g 6 < 0). In the lower right part of Fig. 2 , we show the allowed region in the g 5 vs. g 6 plane.
Fermion sector
Finally, we briefly comment on the masses of fermionic partners of the flavon fields (flavinos). By diagonalizing their mass matrices, we can easily check that all the mass eigenstates generally possess masses of the order of the SUSY breaking mass scale. Below we list all the mass eigenstates and the corresponding mass eigenvalues. For the S 4 singlet flavon sector, we have
where the tilde denotes the fermionic superpartner of any scalar field. For the φ sector, we have
For the φ 2 sector, we have
Finally, for the φ 3 sector, we obtain
and for ψ 3 sectors,
All flavinos have masses of the order of the SUSY breaking mass and hence it may be possible that one of them is the lightest SUSY particle and a candidate of dark matter. There are several ways to produce flavinos in the early universe, for example, by thermal scattering of minimal SUSY standard model (MSSM) particles or the decay of MSSM particles, gravitino, flavons and so on.
Conclusions and discussion
An S 4 flavor model can lead to the so-called TM 1 pattern of neutrino mixings consistent with current experimental data if all the flavons are stabilized appropriately. We have explicitly constructed a model in which all flavons have VEVs with the desired alignment structure in a simple way. The flavon stabilization is achieved by the balance between the tachyonic SUSY breaking mass and the higher dimensional terms in the potential. In our model, we do not need any additional field (such as the driving fields) in order to stabilize flavons. In this sense, our model is very simple. In addition, although we study an S 4 model in this paper, this mechanism is universal and can be applied to many flavor models based on discrete flavor symmetry. Having seen that the desired flavon VEV alignments (3) and (6) can be obtained in our setup, we shortly discuss the implications for the cosmological domain wall problem. During inflation, the flavons are stabilized due to the negative Hubble-induced mass terms [45] instead of the tachyonic SUSY breaking mass terms, but the VEV alignment structure is exactly the same as that by the latter. Once the flavons settle down in the desired minimum of the potential during inflation, they remain trapped in the varying minimum after inflation when the Hubble parameter H gradually decreases. The flavons finally get into the present vacuum when H becomes comparable to the SUSY breaking mass. One can show that flavons do not overshoot the origin of the field space during this whole cosmological dynamics as shown in Ref. [22] . Thus in this scenario, the discrete flavor symmetry is already spontaneously broken during inflation and never restored thereafter, which implies that there is no cosmological domain wall problem.
So far we have neglected thermal effects on the flavon potential. The existence of hightemperature plasma in the early universe can affect the flavon potential that might lead to the symmetry restoration. For concreteness, let us consider a standard cosmological scenario that the universe enters in the matter domination era due to the coherent inflaton oscillation after the end of inflation and finally the inflaton decays and the radiation-dominated universe begins at T = T R , where T is the radiation temperature and T R is the reheating temperature. In our model, flavons do not have renormalizable interactions with MSSM fields. Still, nonrenormalizable interactions may give rise to sizable thermal effects. The dominant thermal effect on the flavon potential comes from the tau Yukawa coupling in (2) . It arises at the two-loop order,
In order for this thermal potential not to affect the flavon dynamics significantly, we demand that the thermal potential is always subdominant compared with either the 
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where we have used T 4 ∼ T 2 R HM P before the completion of the reheating. If this condition is satisfied, thermal effects on the flavon dynamics are safely neglected.
#6 Thermal effects on the other flavons, φ 1 , φ 2 , φ 3 , and ψ 3 , are suppressed by an additional power of (T /Λ) 2 and hence are negligible. Therefore, as far as the reheating temperature is not too high, our model is cosmologically viable.
In order to show the product rules in this basis, we define a non-trivial singlet p in 1 , a doublet a = (a 1 , a 2 ), and two triplets b = (b 1 , b 2 , b 3 ) in 3 and b = (b 1 , b 2 , b 3 ) in 3 . We also use a tilde in order to use another multiplet in the same representation. Firstly, products with 1 are decomposed as 1 × 1 = 1, 2 × 1 = 2, 3 × 1 = 3 , and 3 × 1 = 3: in components,
where the parenthesis denotes the contraction of several representations that as a whole transforms as a representation denoted by the subscript. Next, the product of a doublet with another doublet is decomposed as 2 × 2 = 1 + 1 + 2 and
while that with a triplet is 2 × 3 ( ) = 3 + 3 and
where the upper (lower) sign is for 3 (3 ). The product of two triplets is decomposed as 3 × 3 = 1 + 2 + 3 + 3 and 
B Diagonalization of mass matrices B.1 Neutrino sector
The fermion mass matrix M is in general complex and symmetric. A symmetric complex matrix is diagonalized by a unitary matrix X in the form of XMX T (Takagi diagonaliza-tion [50] ). As a concrete example, let us consider 2 × 2 complex mass matrix
A general unitary matrix may be expressed as X = cos θ e iη sin θ −e −iη sin θ cos θ e iα 0 0 e iβ ,
where θ, η, α and β are real parameters. We find that X T MX becomes diagonal if we take
The parameters α and β can be fixed if one wants to make the mass eigenvalues real. The neutrino mass matrix in TM 1 model (11) can be diagonalized using this expression by identifying u 23 = X.
B.2 Flavon sector
There are only two types of mass matrices that appear in the analysis of the scalar sector of flavon fields. In this appendix, we summarize all of their eigenvectors and eigenvalues. First, in Sec. 5.2 and 5.3, we obtain the mass matrices of the form of
which is diagonalized by an orthogonal matrix O as 
Note that there exists a massless field if B = ±C. For the analysis of triplet flavon fields in Sec. 5.4 and 5.5, we obtain the mass matrices of the form of
which can be diagonalized as V M 
for E = 0 where
and N ± are proper normalization factors with which the squared sum of each line of V becomes one. Note that there is a massless mode if F = G, as seen in Sec. 5.4 and 5.5.
